The crystal structure of three samples of nepheline (ideally, K2NadAlsSis032]) from the Bancroft area of Ontario (1a, b: Egan Chute, 2: Nephton, and 3: Davis Hill), each with different types of superstructure reflections, has been studied using synchrotron high-resolution powder X-ray diffraction (HRPXRD) data and Rietveld structure refinement. The samples have different origins. The structure was refined in space group P63. The RF 2 index, number of unique observed reflections, pseudohexagonal subcell parameters, and site-occupancy factor (sof) for the K site are as follows: Sample 1b: RF 2 = 0.0433, Nabs = 1399, a = 9.99567(1), c Mots-cles: nepheline, structure cristalline, superstructure incommensurable, ordre AI-Si, technique HRPXRD, region de Bancroft, Ontario.
INTRODUCTION THE CANADIAN MINERALOGIST
Nepheline, ideally Na¥ [A14S40j6] , is an important rock-forming mineral that has wide occurrences in silica-poor alkaline igneous rocks, related pegmatites, and in alkali-metasomatized gneisses. Nepheline is an intermediate member of a solid solution that extends from Na[AlSi04] to K[AlSi04] (kalsilite). Both nepheline and kalsilite have a tridymite-type framework structure (e.g., Sahama 1958 , Capobianco & Carpenter 1989 , McConnell et al. 1991 , Carpenter & Cellai 1996 , Xu & Veblen 1996 .
Diffraction data from nepheline show satellite reflections with a wide range of intensity and sharpness (Sahama 1958 , McConnell 1962 , 1981 , McConnell et al. 1991 . The satellite reflections indicate that nepheline has a modulated structure with an incommensurate supercell. Various models have been proposed for the nepheline supercell (McConnell 1962 , 1981 , Parker & McConnell 1971 , Parker 1972 , Merlino 1984 , McConnell et al. 1991 , Hayward et al. 2000 , Angel et al. 2008 . These satellite reflections in nepheline werẽ 1Il "',,\\"'. 
FIG. 1. Crystal structure of nepheline projected down the c
axis. Site A is hexagonal and contains K atoms and vacancies, and site B is oval and contains the Na atoms. The T2 and T3 tetrahedra have apices pointing downward, and T, and T4 point upward.
studied using single-crystal X-ray diffraction, highresolution transmission electron microscopy (HRTEM), selected-area electron diffraction (SAED) patterns, and thermal analyses by Hassan et al. (2003) . Currently, the origin of the satellite reflections in nepheline is not fully understood.
The aim of the present study is to compare the nepheline structure from three samples from the Bancroft area showing different developments of satellite reflections using high-resolution powder X-ray diffraction (HRPXRD) data and Rietveld refinement of the structure. The results indicate differences in Al-Si order and site-occupancy factors (sof) for the K site.
BACKGROUND INFORMATION
The crystal structure of nepheline was reviewed by Merlino (1984) . The structure is a stuffed derivative of tridymite with approximately half the Si atoms replaced by AI, and with Na and K as interstitial chargebalancing cations (Buerger et al. 1954 , Hahn & Buerger 1955 , Schiebold 1930 . The structure of nepheline consists of four independent tetrahedra (T = Al or Si) per unit cell (Fig. 1 ). The T, and T2 sites occupy special positions on the three-fold axes, and T3 and T4 occupy general positions. The apices of the tetrahedra occupied by T, and T4 cations are arranged in one direction along the c axis, and those occupied by T2 and T3 point in the opposite direction. The cavities in the framework are too large for the small Na atom to occupy their centers and still maintain proper bonding to the framework oxygen atoms located in the channel walls. Therefore, the framework is distorted by rotation of the framework tetrahedra about the six-fold axis, so the apical oxygen atoms, 01, are distributed slightly off the threefold axis toward one of the three neighboring Na atoms. In nepheline, two of the six-membered rings are hexagonal, and six are oval in shape. The Na atoms fully occupy six small oval B cavities, and the K atoms occupy two large hexagonal A cavities, thus giving N~K2[A18Si80321 as an ideal composition for nepheline.
In nepheline, the Al and Si atoms are partially ordered over the tetrahedral sites. The T, and T4 sites are Al-rich, and the T2 and T3 sites are Si-rich. The Tj-T2 (not T3-T4) pair is bonded to the positionally disordered 01 atoms. In addition, the T, and T2 tetrahedra are surrounded by only Na atoms, whereas the T3 and T4 tetrahedra are surrounded by both K and Na atoms (Fig. 1) .
The structure of nepheline was refined for specimens from various geological origins (Dollase 1970 , Foreman & Peacor 1970 , Dollase & Peacor 1971 , Simmons & Peacor 1972 , Dollase & Thomas 1978 , Gregorkiewitz 1984 , Tait et al. 2003 , Hassan et al. 2003 , Angel et al. 2008 . The structure of a Ge-substituted analog of nepheline is also available (Hammond & Barbier 1998) . A comparison of the crystal structure of the nepheline crystals used indicates minor structural differences, such as in AI-Si distribution on the one hand, and K and vacancy distribution on the other, which suggest that the differences may be a function of bulk composition, growth conditions, or thermal history. These relationships are of interest because of their geological implications, but their exact effects and interplay are still unknown.
DESCRIPTION OF THE SAMPLES
In this study, we have examined three distinct samples of nepheline from the Bancroft area, in southeastern Ontario. The samples seem to have distinct origins. The first sample from Egan Chute on the York River, near Bancroft, is a constituent of a nephelinescapolite -albite gneiss, and is of metasomatic origin. The white nepheline crystals are about 2 to 5 mm in size. The second sample is from Nephton, near Blue Mountain. The large crystals (2 to 3 em; no rock sample was available) are greyish white and quite pure. The sample probably originated from a nepheline syenite quarry in Nephton that was used to supply nepheline for ceramic production (e .g ., American Nepheline Co., later called Indusmin Ltd). Presently, Unimin Canada Ltd. at Blue Mountain, Nephton, is mining nepheline syenite filler for the plastics industry. This sample thus appears to have formed from a nepheline syenitic magma. Keith (1939) reported on the petrology of the alkaline intrusive at Blue Mountain. Additional information on the nephelinized paragneisses of the Bancroft area is available (Gummer & Burr 1943 , 1946 . The third nepheline sample is from Davis Hill, near Bancroft. The crystals are quite large (3 X 3 X 3 em; no rock sample was available) and hexagonal in shape, similar to that shown in Figure 14 of Moyd (1990) . The color varies from pinkish white to grey; the nepheline seems to be of magmatic origin. Calcite-cored vein dikes containing large crystals of nepheline, biotite, and albite antiperthite crystals were reported from Davis Hill by Moyd (1949 Moyd ( , 1990 and Gummer & Burr (1943 ,1946 . This Davis Hill nepheline sample appears to originate from a carbonate magma. The three samples used in this study thus are of distinct origins: (1) metasomatic (Egan Chute), (2) silica-undersaturated syenitic magma (Nephton), and (3) carbonate magma (Davis Hill).
EXPERIMENTAL
The structure of nepheline from the same bulk hand-specimen sample from Egan Chute (sample 1) was refined by Foreman & Peacor (1970) and Hassan et al. (2003) . Sample 2 is from Nephton, and sample 3 is from Davis Hill. Results of analyses obtained on the same electron microprobe and using the same procedure are given in Table 1 (for details, see Hassan et al. 2003) . Analyses made at about six different spots on each sample indicate that they are homogeneous. The chemical analysis of the Egan Chute nepheline reveals the presence of some Ca, unlike the other two samples. It is possible that the Egan Chute nepheline evolved from plagioclase during the metasomatic process.
Crystals of nepheline were hand-picked under a binocular microscope and finely ground in an agate mortar and pestle for synchrotron high-resolution powder X-ray diffraction (HRPXRD) experiments performed at beamline l1-BM, Advanced Photon Source, Argonne National Laboratory. The sample was loaded into a kapton capillary and rotated during the experiment at a rate of 90 rotations per second. The data were collected to a maximum 28 of about 50°w ith a step size of 0.0005°and a step time of 0.07 s/ step. Beamline optics consist of a platinum-coated collimating mirror, a dual Si (111) monochromator, and a platinum-coated vertically focusing mirror. The HRPXRD trace was collected with twelve silicon crystal analyzers that increase detector efficiency as well as reduce the angular range to be scanned and, therefore, allow rapid acquisition of data. A silicon and alumina NIST standard (ratio of 1/3 Si to 2/3 A1203) was used to calibrate the detector response, zero offset, and to determine the wavelength used in the experiment [JI.
= 0.40241(2) A]. Data were merged by interpolating measured counts onto a regularly spaced grid and by applying corrections for small differences in wavelength (~1 eV). Additional details of the experimental set-up are given elsewhere .
RIETVELD STRUCTURE-REFINEMENT
The crystal structure was modeled using the Rietveld method (Rietveld 1969 ) that is incorporated in the GSAS program (Larson & Von Dreele 2000) and using the EXPGUI interface (Toby 2001) . Initial structural parameters were taken from Hassan et al. (2003) . The background was modeled with a Chebyschev polynomial. The reflection-peak profiles were fitted using a profile of type 3 in the GSAS program. The structure refinements were carried out by varying parameters in the following sequence: scale factor, background, cell, zero shift, profile, atomic positions, isotropic displacement parameters, and site-occupancy factor (sof) for the K site. Finally, all variables were refined simultaneously.
Anisotropic displacement parameters are commonly not used in Rietveld refinements (Redfern et al. 1999 , Fechtelkord et al. 2001 , Antao et al. 2005 . The isotropic displacement parameters were constrained so that U (All) = U (Si1), and U (AI2) = U (Si2). This constraint gives rise to reasonable and expected isotropic-displacement parameters for all the atoms in nepheline. The compositions obtained from the refinements agree well with the results of the chemical analyses. The cell parameters and other information regarding data collection and refinement are given in Table 2 . The positional coordinates and isotropic displacement parameters are given in Table 3 .
The bond distances are given in Table 4 . The nepheline single-crystal (SXTL) structure obtained by Hassan et al. (2003) was re-refined using the new unit-cell parameters obtained from this study, and the results are included in the Tables.
DISCUSSION
Bond-distances and site occupancies obtained by HRPXRD and single-crystal diffraction are of comparable accuracy . However, unit-cell parameters from HRPXRD are of higher accuracy than with the single-crystal method.
The cell parameters of the pseudohexagonal subcell of the three nepheline samples, although of similar magnitude, are different and related to the K content (Tables 1,2 ). The K site contains various amounts of vacancies, D, and the Na site is fully occupied by Na atoms ( Table 3 ). The sample with the largest sof for the The structure was refined in space group P6y MoKa radiation was used for the single-crystal (SXTL) data; for the HRPXRD data, A = 0.40241 (2) A.
K site has the largest volume, as expected (Tables 2, 3 ). The presence of small amounts of Ca atoms, which typically substitute for Na atoms, was not considered in the structure refinement because the Na site is filled with Na atoms, as indicated by the chemical analyses and also from refinement of the sof using the Na atom scattering curve. Bond-strength calculations by Hassan et al. (2003) indicate some interesting features in sample 1. The bond-strength sum for the Na site is 0.934 valence units (vu) , which indicates that the Na" cation The occupancy for each of A11, Si1 and 01 is 113.Other sites are fully occupied, except for the K1 site. The positions of the T sites (shown in bold) in the 1band 3 structure are interchanged when compared to the 1a and 2 structure because of the resulting <T-O> distances. AI1 and AI2 are in some cases referred to as T, and T" respectively, and Si1 and Si2, as T, and T" resoectivelv. 
<T-O-T>
• Bonded to 03 and t bonded to 04 (they are shown In bold) because the T positions are Interchanged (see Table 3 ).
is slightly underbonded, and may be compensated by substituting a small amount of Ca 2 + cations on the Na site. The chemical analyses do show some Ca atoms in sample 1 (Table 1) . The significant feature is that the K site is severely underbonded (0.831 vu compared to the expected 1 vu). The K site, therefore, is not expected to be filled with K+ cations or contain Na" and Ca 2 + cations, because the charge will not be satisfied. To satisfy the charge on the K site, vacancies must be present. The 0.831 vu for sample 1 indicates a sof of 0.64 compared to 0.66 obtained from chemical analysis and 0.675 from refinement (see Hassan et al. 2003) .
If the positional coordinates are compared for each dataset, they are seen to be similar (Table 3) . After the <T-O> distances were computed, the All and Si1 positions on one hand and Al2 and Si2 positions on the other had to be interchanged in two refinements because of the resulting <T-0> distances (see Table 3 ). The long and short distances correspond to Al and Si atoms, respectively. The average <K-O> and <Na-O> distances are similar for all four datasets obtained from the three samples (Table 4) .
Because of the similar X-ray scattering factors of Al and Si atoms, their <T-O> distances are used to determine T-site occupancies. Usually a distance of about 1.74 A corresponds to pure Al occupancy, and 1.61 A corresponds to pure Si occupancy. Replacing the Al by Si atoms have little effect on the resulting <T-0> distances because of the similar scattering factors. However, one needs to keep track of the T sites.
Major differences occur in the <T-0> distances. These differences do not reflect the different experimental methods used to obtain the structural parameters, but reflect the presence of a domain structure based on Al-Si order. We have recently refined the structures of several minerals using HRPXRD data and compared the results with SXTL data and found that identical results were obtained for structures that are well known . This gives us confidence to state that the differences among samples that we observed for nepheline in this study are real and significant. Tait et al. (2003) have shown that in nepheline of all origins, the degree of Al-Si order is high. Nuclear magnetic resonance (NMR) spectroscopic data also indicate high degrees of Al-Si order in natural and synthetic samples of nepheline (Hovis et al. 1992 , Lippmaa et al. 1980 , Stebbins et al. 1986 . Previous studies have shown that the number of Si atoms derived from <T-O> distances is as high as 8.9 compared to a maximum of 8.5 from chemical analyses (e.g., Dollase & Peacor 1971 , Simmons & Peacor 1972 .
The occupancies of the T sites can be inferred from the <T-O> distances, as is commonly done for feldspars. Nepheline is a framework aluminosilicate, as is sodalite, so the <T-O> distances 1.6100(2) A for 100% Si and 1.7435(2) A for 100% AI, as observed in sodalite , were used to obtain the T-site occupancies (Tables 5, 6 ). Comparing the single-crystal and powdered samples, the normalized sum of the site occupancies are nearly identical (Table 6 ; samples # 10 and 11), but they do not fully agree with the results of chemical analyses, which invariably indicate a slight excess of Si over Al atoms in nepheline, as was noted in several studies (see Fig. 2 in Hassan et al. 2003) . The <T-O> distances for all previous refinements, when used to calculate occupancies of the tetrahedral sites, gave values of total Al and Si that are inconsistent with totals derived from chemical analyses. However, this effect can now be rectified in the following way.
We assume that the T, and T2 sites are fully ordered, whereas the T3 and T4 sites are partially disordered in their Al.Si population. The observed <Tj-O> and <T2-O> distances are considered misleading because the 01 site may be positionally modulated, such that the 01 position is not accurate. With those assumptions, there are six each of Al and Si atoms at the T, and T2 sites. Using <T3-0> and <T4-0> distances to calculate occupancies at the T3 and T4 sites, the resulting occupancies based on <T-0> distances are similar to the results of the chemical analyses (Tables 5, 6 ; sample #10 has 1.03 versus 1.03, and sample #11 has 1.03 versus 1.06). The excess Si over AI, as commonly observed in chemical findings, is now confirmed for the first time. Table 5 , and the values plotted are given in Table 6 for both Figures 2 and 3. (Gregorkiewitz 1984) . 6. Bancroft, Ontario, Canada (Foreman & Peacor 1970) ; chemical formula Is as for our sample, as both are from the same sample.
7. Khibina-Lovozero complex, Kola Peninsula, Russia (Tait et al. 2003) . 8. Bancroft, Ontario (Tait et al. 2003) . 9. Monte Somma, Italy (Tait et al. 2003) . 10 (e 1a). Egan Chute, Bancroft, Ontario (SXTL, this study, based on HRPXRD-derlved unit-cell parameters). 11 (= 1b). Egan Chute, this study, based on HRPXRD Rietveld refinement. 12 (= 2). Nephton, Bancroft, Ontario (this study). 13 (= 3). Davis Hill, Bancroft, Ontario (this study). T, (= A11) and T, (= A12) are AI-rich; T, (= Si1) and T, (= Si2) are SI-rich (see text). * Our sample 1 (= 10, 11) Is from a coarse-grained gneiss (size of nepheline of crystals 2-5 mm), whereas the other samples (12 and 13) are from a pegmatite (size of nepheline crystals 2-3 cm; no rock sample was available). 'The T-O distance lor 100% Si is taken to be 1.6100 A, and that lor 100% AI, 1.7435 A. The entries are reported as (Si/100); the AI values are 1 -(Si/100) and are not given. "Calculated based on lull occupancy of the AI1 and Si1 sites by 100% each for Al and St, respectively, and partial disorder of Al and Si atoms at the Al2 and Si2 sites based on bond distances.
Sample numbers correspond to those in Table 5 .
the total amount of Si atoms from refinement (and bond distances) indicates a deficiency (Fig. 2) .
Using the <T3,4-D> distances reported for published structure of nepheline (Table 5) , we used the above method to calculate the excess Si atoms. The results are presented in Table 6 and shown graphically in Figures 2 and 3 . If we assume a reasonable error of ±O.015 apfu for the total amount of Si at the T sites and in that obtained from chemical analysis, the amount of Si reported in chemical analyses matches that obtained by the present calculation for nearly all the samples. The exceptions are samples #2, 4, and 6. Sample #4 has an unusual composition and is a synthetic sample (Table 5 ). For samples #2 and 6, the calculated amounts can match if the errors are increased (Fig. 2) . We therefore conclude that the excess Si over AI, as observed in the chemical data on nepheline, can be accounted for by examining distances for the partially disordered T3 and T4 sites and assuming that the T, and T2 sites are fully ordered. The amount of disorder at the T3 and T4 sites is shown in Figure 3 in terms of Si and Al occupancies. The degree of order is quite high in most samples. Again, sample #4 is unusual, as mentioned above. The interesting observation is that the powdered sample (#11) is quite disordered compared to its single-crystal counterpart (#10). No difference in Al-Si order is expected between single crystal and powdered samples. The observed apparent differences in Al-Si order may arise from antiphase domain boundaries (APBs), which may be observed by TEM. If such APBs are destroyed on heating, then perfect Al-Si order is observed in nepheline (see Hassan & Antao 2010) .
Based on full Al-Si order at the T, and T2 sites and partial order at the T3 and T4 sites, the Al-avoidance rule may be broken at the APBs. However, when such APBs are destroyed, full Al-Si order is achieved at all T sites.
The excess Si over Al is balanced by vacancies at the A sites, as indicated by D in the general formula, NaxKyCazDs_(x+y+z)Al(x+y+2z)Si 16-(x+y+2z)032 (see Deer et al. 1992) . Further vacancies arise from substitution of Ca for Na atoms. For the single-crystal data on the Egan Chute nepheline, the proportion of vacancies found at the K site is 0.63 per formula unit, which requires the following theoretical charge-balanced formula: (K1.37Do.63)N~[A17.37Sis.63032]' The formula obtained by electron microprobe (EMP) analyses is (K1.32Do.6S) (Na6.0SCao.22) [Ah.77SiS.21032] , and in our calculation based on the present structure-refinement data, the formula (K1.37Do.63)Na6[Al7.7sSis.22032] was obtained [see Tables 3 (#la) , and 6 (#10)], and it agrees with the EMP results. Small amounts of Ca atoms, detected by chemical analysis, will not have a significant effect on the above results or calculations.
Nepheline contains satellite reflections with irrational indices that give rise to a variety of modulated or incommensurate superstructures (Figs. 4a, b) . The origins of the satellite reflections are not known in detail. As these reflections are observed with synchrotron HRPXRD, we have followed their disappearance with temperature and examined the resulting phase-transitions that occur with their disappearances. The results are given in a companion paper (Hassan & Antao 2010) . In recent studies, the satellite reflections in nepheline were attributed to the 01 site (Gatta & Angel 2007) , as was also suggested by Hassan et al. (2003) , whereas Angel et al. (2008) indicated that the satellites arise from a displacive modulation of the framework tetrahedra. We obtained interesting high-temperature structural results on all three nepheline samples mentioned in this paper. The results for the Egan Chute sample indicate the presence of three different sets of satellite reflections; two sets disappear at different temperatures, and one set remains up to 900°C. Different satellite reflections arise from (1) (1), and 0.778(2), respectively.The largest volume corresponds to the highest K (sol), which occurs in the Nephton sample. The higher temperature syenitic magma caused the structure to expand and incorporate the largest proportion of K atoms during the formation of nepheline sampled at Nephton. The composition of the Nephton sample and the temperature of formation are similar to those from Monte Somma, Italy (sample #9 in Table 5 ). Similarly, the lower-temperature metasomatic Egan Chute sample contains the least amount of K atoms, whereas the reworked carbonate magma at Davis Hill probably crystallized nepheline at a slightly higher temperature than that at Egan Chute.
CONCLUSIONS
The average structure of nepheline shows that, except for the 01 oxygen atom and some vacancies at the K site, all the other atoms in nepheline are well defined and contain no unusual features. If we assume that T, and T2 are fully ordered with Al and Si atoms, then an excess Si over Al is observed using the <T3,4-0> distances. The variable <T3,4-0> distances indicate a domain structure for nepheline based on AI-Si order. In some samples, the T positions have to be interchanged to produce reasonable <T-0> distances that indicate the location of the Al and Si atoms. The satellite reflections in nepheline are easily observed in HRPXRD traces. Both the domain structure based on AI-Si order and the origin of the satellite reflections in nepheline are best analyzed using high-temperature structural data (see Hassan & Antao 2010) .
